This paper presents a new cycle slip detection and repair method using Total Electron Content Rate (TECR) information derived from individual satellite dual-frequency data of a single Global Positioning System (GPS) receiver while pseudorange measurements are subject to arbitrarily large range errors. Sudden Increase of Pseudorange Error (SIPE), similar to cycle slips in nature, is quite common in various data acquisition scenarios. The basic principle of this method is to take advantage of the fact that the ionospheric TECR does not exceed certain threshold, which is set as 0.35 TECU/s in this study. Analytic expressions to evaluate the effect of SIPE on cycle slip detections have been developed. The search spaces for cycle slip candidate pairs are defined, given a predefined (sufficiently large) SIPE value. Two cycle slip validation rules are proposed to validate the cycle slip candidates. Over 99.9% of candidates can be rejected with the application of two validation rules. The theoretically maximal number of remaining cycle slip candidate pairs (NRCP) can be exactly calculated based on the magnitude of SIPE, TECR threshold, and the data sampling interval. After applying validation rules, the correct cycle slip pairs can be identified using a modified low-order polynomial fitting method. This method is tested on 13 high rate (1-Hz) dual-frequency datasets recorded by both ground-based static and satellite-borne high dynamic GPS receivers under various levels of ionospheric activities. Simulated cycle slips in 12 different possible cases and varying SIPE magnitudes are introduced into the data sets. In each test scheme, averagely 600-750 pairs of cycle slips are simulated. The SIPE magnitudes are set to vary from 50.0 m to 1000.0 m. Test results show that all the cycle slips in all the test schemes and all the datasets have been successfully detected and fixed even with a maximum SIPE of 1000.0 m in pseudoranges. A distinct advantage of this method is that it works in real-time with individual satellite's data from a single dual-frequency receiver, even if the carrier phases have virtually any size of cycle slips and the pseudoranges have virtually arbitrarily large errors.
Introduction
Global Positioning System (GPS) or Global Navigation Satellite System (GNSS) carrier phase measurements are the major observables in high-precision geodetic applications. Under high carrier to noise ratio (C/N 0 ) scenario, the accuracy of GNSS receiver carrier phase observations is usually less than 2 mm (Hofman-Wellenhof et al. 1994) . With high quality GNSS receivers and International GNSS Service (IGS) products (Dow et al. 2009) , it is possible to obtain very accurate (1 mm/year) GNSS solutions that are useful for many scientific research purposes (Larson 2009 ). However, one issue constantly encountered in achieving such a high precision is the occurrence of cycle slips in carrier phase measurements. Even if the slip is only 1 cycle, the resultant range error is of~20 cm (e.g. for on GPS L1 signal). Thus the proper handling of cycle slips has long been a critical procedure in high precision GNSS data processing.
To detect and fix cycle slips, many methods that are suitable for either double differencing or undifferencing algorithms (e.g. Precise Point Positioning, PPP) have been proposed. These include polynomial fitting (Beutler et al. 1984) , Kalman filtering based on first-order differential equations of the carrier phase observations (Landau 1989) , an integration of Melbourne-Wübbena Wide Lane (MWWL) combination and a polynomial fitting to the geometry-free combination (Blewitt 1990 ), using inertial navigation data to assist GPS cycle slip detection (Colombo et al. 1999; Lee et al. 2003) , an integration of geometry-free phase observation and the widelane phase minus narrowlane pseudorange (Bisnath 2000) , triple differencing of carrier phase observations (Kim and Langley 2001) , Bayesian approach working with polynomial fitting (de Lacy et al. 2008) , estimating the cycle slips through the Least-Squares Ambiguity Decorrelation Adjustment (LAMBDA) method (Banville and Langley 2010; Zhang and Li 2011) . A more detailed summary of those methods can refer to Xu (2007) and Liu (2011) . However these methods have their own limitations and their performances under severe conditions still need to be improved. For instance, the polynomial fitting method indeed can be used regardless of the pseudorange errors. However this fitting method often fails to detect small cycle slips (e.g. 1 or 2 cycles). Moreover, the fitting usually needs multiple epochs of carrier phase data. Thus it cannot be used for the early epochs of one satellite's data series. That may be why many other cycle slip detection and fix methods, with the use of pseudorange measurements, have been developed over the past many years, e.g. the ones presented in (Blewitt 1990; Bisnath 2000; Banville and Langley 2010; Zhang and Li 2011) . With the use of pseudorange measurements, the quality of pseudorange data is of great concern. When cycle slips in carrier phase data and large errors in pseudorange data occur at the same time in an epoch, how to detect and fix the cycle slips in real-time mode has not been completely addressed.
It has been shown earlier that virtually any cycle slips associated with high-rate GNSS observations can be successfully detected and fixed, even using one single dualfrequency GNSS receiver (Liu 2011) . The test results show that it is technically feasible to apply that method for real-time cycle slip detection and fix in high-rate GNSS applications. Nevertheless, the correctness of the cycle slips calculated using that method largely depends on the quality of the pseudorange measurements, as shown in the MWWL linear combination. The method given in Liu (2011) requires pseudoranges at L1 and L2 frequencies have a reasonably good accuracy. It has been analyzed that at normal level of pseudorange noise of 0.5 m, the introduced noise in the cycle slip detection is approximately 0.6 widelane cycle. In de Lacy et al. (2011) , the required accuracy of pseudorange measurements is 10-15 cm, much higher than the half meter requirement. In real-world circumstances, such a stringent requirement on the pseudorange data quality is difficult to be satisfied. Hwang et al. (2010) showed that the multipath effects on P1 and P2 pseudoranges of the Constellation Observing System for Meteorology, Ionosphere, and Climate (COSMIC) spaceborne GPS receivers are as high as 0.78 m and 1.03 m, respectively. It also suggested that the high level of multipath was one of the factors resulting in high rate of cycle slip of 3.45% (Hwang et al. 2010) .
In practical data acquisition, it is very likely that pseudorange errors at particular epochs suddenly have significantly larger values than the expected ones. This might be due to the presence of diffraction and multipath or to the variations of the instrumental delays possibly due to temperature variations which can occur at different sections: antenna, cables, amplifiers, splitters, receivers, such as anomaly inside the GNSS receivers (Parkinson and Spilker 1996; Defraigne and Bruyninx 2007) . Without loss of generality, all these kinds of errors can be categorized as Sudden Increase of Pseudorange Errors (SIPE). Some ground-based experiments showed that the multipath on pseudorange can even exceed a magnitude of 6.0 m ). Similar to cycle slips in carrier phase data, the pseudorange can have anomalous range errors unexpectedly anytime. For instance, an SIPE of 8.6 m was identified in the cycle slip analysis, resulting in erroneous cycle slip fix outcome (Liu 2011) . New algorithms should be developed to address the cycle slip detection and fix issue under challenging situations when SIPE is present. Liu (2011) illustrates the successful integration of Melbourne-Wübbena Wide Lane linear combination (Melbourne 1985; Wübbena 1985) and the TECR information to uniquely detect and fix cycle slips epoch by epoch in real-time. In that work, the SIPE problem however was not addressed. Under the circumstance of arbitrarily large pseudorange errors, no literature has addressed the problem of cycle slip detection and repair using a single dual-frequency receiver. This paper aims to develop an innovative approach to completely eliminating the impact of SIPE on cycle slip detection and fix. The reliability of cycle slip detection and fix can be enhanced particularly under degraded GNSS observation conditions such as large multipath errors or unexpected pseudorange anomalies. This paper can be considered as a continuation to our previous effort. There are several reasons for this. First, development of algorithms for processing GNSS data from a single station is increasingly important as the PPP technique has increasingly attracted attentions over the past a few years (Zumberge et al. 1997; Le and Tiberius 2007; Teferle et al. 2007; Ge et al. 2008; Geng et al. 2009; Bertiger et al. 2010; Leandro et al. 2011) . Second, there is an increasing trend worldwide to deploy high-rate (1 Hz or even higher) GNSS receivers globally. In the EUREF Permanent Network (EPN), there are nearly 250 high rate stations in operation (Bruyninx et al. 2011 ). In the worldwide, thousands of GNSS receivers have been deployed to routinely collect GNSS data at 1-Hz rate (Larson 2009 ). Within the IGS network, over 110 receivers are configured to record GNSS data at 1-Hz rate and thousands more GNSS receivers used by individual geodetic agencies in Canada, Europe, Japan, the US and other countries are also logging real-time high rate data (Larson 2009 ). With such a large number of high-rate GNSS reference stations recording data for real-time applications, it is highly desirable from a costeffective point of view to detect and fix cycle slips on a real-time, single-station basis. This paper is organized as below. In Section Methodology for cycle slip detection and fix, the basic principle of cycle slip detection and fix is presented; the formulas evaluating the impact of SIPE on cycle slip fix are derived; the impact of SIPE on cycle slip detection is analyzed; the basic idea of this new method is introduced; and the cycle slip search spaces are defined. In Section Cycle slip search rules and estimation of remaining candidate pairs, 2 cycle slip search algorithms are proposed and their formulas for cycle slip validation are derived; the method of estimating the remaining number of cycle slip candidate pairs is developed; a low-order polynomial fitting method is used in a new fashion to identify the correct cycle slips from the small number of remaining cycle slip candidates. Section Test and data analysis presents the extensive data analysis results. The discussion of the use of this method is given in Section Discussion. The conclusion is given in Section Conclusion.
Methods

Basic principle
In this study, the cycle slip detection and fix are primarily based on two formulas. One is the Melbourne-Wübbena Wide Lane linear combination given in Eq. (1) and the other is the ionospheric TECR measurement given in Eq. (2) (Liu 2011) .
where f 1 and f 2 are two frequencies in unit of Hz, e.g. GPS L1 and L2 frequencies; λ 1 and λ 2 are wavelengths in unit of m/cycle corresponding to the f 1 and f 2 frequencies, respectively; γ is defined as γ ¼ f
; p is the satellite identification; λ WL = c/(f 1 − f 2 ) is the wavelength of the widelane combination observation and c is the speed of light in vacuum; TECR Φ (k) is the ionospheric TEC rate in unit of TECU/s at epoch (k);
Δt is the data observation interval in unit of second between epochs (k-1) and (k); Φ The MWWL linear combination has been widely used for cycle slip detection and fix because it removes the effects from the atmosphere (including both ionosphere and troposphere), the geometry, and satellite and receiver clocks (Blewitt 1990 ). Similar to the MWWL linear combination, the ionospheric TECR measurement is also free from the effects of atmosphere (except the rate of ionospheric TEC), the geometry, and satellite and receiver clocks. A unique characteristic of the TECR measurement is that in most cases it is very sensitive to cycle slips, particularly when the GNSS data rate is high (e.g. 1 Hz). Normally a small cycle slip will result in a large TECR.
Therefore the integration of Eqs. (1) and (2) can uniquely detect and fix cycle slips for single receiver regardless of the GNSS receiver dynamics. The examples given in Liu (2011) showed that cycle slips in GPS data recorded under high dynamics (spaceborne GPS receiver on COSMIC satellite) could be successfully detected and fixed.
Analysis of the effect of SIPE on cycle slip detection The evaluation of the exact effect of the pseudorange error on cycle slip detection and fix is analytically demonstrated below. It can be seen in Eq. (1) (1) is actually cancelled. Therefore, it might be more precise to define the SIPE as the sudden increase of pseudorange error relative to its previous epoch.
For brevity, we define:
Thus the Eqs. (1) and (2) can be simplified as:
The SIPE in P 
In Eq. (5), int [x] is the function rounding the value of x to the nearest integer greater than or equal to x. Eq. (5) shows that the impact of pseudorange errors δP In fact, it should be realized that the cycle slips on GPS L1 and L2 frequencies are determined by jointly resolving the Eqs. (3) and (4). What Fig. 1 
The (Hwang et al. 2010) , the resultant cycle slip errors can be as large as 4.7 cycles and 3.6 cycles on GPS L1 and L2 frequencies, respectively. It can be seen that the pseudorange errors appear to have a relatively small effect on the widelane cycle slip detection as shown in Eq. (5). However its effect on the cycle slip of individual frequency is significantly larger. This is because in the widelane cycle slip of Eq. (3), the effects on L1 and L2 frequencies are largely cancelled by each other after the subtraction. Analysis of Eqs. (5), (6) and (7) reveals that the impacts of SIPE on L1 and L2 are about 4.5 times and 3.5 times of that on widelane cycle slip, respectively. The results in Figs. 2 and 3 remind us that it is necessary to guard against the severe effects of pseudorange errors in order to ensure the reliability of cycle slip detection.
Basic idea of the new method
The above section analytically and numerically shows the effect of pseudorange errors on the determination of cycle slips. To completely eliminate the large pseudorange errors, one normally adopted approach might be the pseudorange smoothing using carrier phase measurements, such as the Hatch filter as well as the revised Hatch filter (Hatch 1982; Hatch 1986; Lachapelle et al. 1986 ). However, there is one issue associated with the application of smoothing algorithms. These smoothing algorithms require the use of carrier phase measurements at epoch (k) in order to smooth the pseudoranges at the same epoch (k). When there are cycle slips in carrier phase data, these smoothing algorithms normally reinitialize the smoothing process. As a matter of fact, our purpose here is to detect and fix cycle slips in carrier phase measurements at epoch (k). Thus it is technically risky to employ the carrier phase data to smooth pseudoranges prior to cycle slip detection. In practice, it is very likely that both cycle slip and SIPE occur simultaneously. In this scenario, the smoothing method cannot be used and other methods have to be developed. The basic idea of a new approach is described below. Assuming that the maximum SIPE in GNSS pseudoranges (e.g. GPS P1 or P2) is SIPE max and that this predefined SIPE max is sufficiently large to bound all the possible SIPE values under a given GNSS application circumstance (e.g. spaceborne GPS under high dynamics), two integer search spaces corresponding to two frequencies (e.g. GPS L1 and L2) for all the possible cycle slip candidate pairs can be calculated and defined. The goal is to search for and determine the only one pair of correct cycle slips from the two search spaces, 1 cycle slip from each space. To validate each candidate pair in the search spaces, each cycle slip candidate pair is used to correct the original carrier phase data. Subsequently the corrected dual-frequency carrier phase data can be employed to derive TECR. It should be noted that all the calculated TECR should obey a physical rule -not exceeding a physically meaningful TECR threshold. The threshold is defined as 0.35 TECU/s in this study. Our extensive data analysis suggested that TECR threshold of 0.35 TECU/s be an appropriate empirical value for cycle slip detection and fix for both ground-based and spacebased GPS data. Thus the validity of each cycle slip candidate pair in the search spaces can be easily determined by judging whether it satisfies the physical rule. Those cycle slip candidate pairs with TECR exceeding the threshold are considered incorrect ones and they are rejected in the cycle slip determination process.
To ensure the correct cycle slip detection under the impact of SIPE, a new method adopting search strategy is proposed. The search strategy can be illustrated in a flowchart shown in Fig. 4 . First the cycle slips ΔN (5), (6) and (7), respectively. Thus search spaces for the 2 cycle slips can be formed, as to be discussed in the following section. In order to define the maximum search space, the maximum magnitude of sudden increase of pseudorange errors, denoted as SIPEmax , has to be defined by the users. This SIPE max can be determined based on the performance of GNSS receiver under a given observation condition. After that, two search rules are defined and users can implement them to search for the correct cycle slips. The two rules can efficiently reject more than 99.9% cycle slip candidate pairs in the search spaces. The small number of remaining cycle slip pairs can be further verified using a polynomial fitting method. In the implementation of second search rule, a parameter called maximum ionospheric TECR, denoted as TECR max Φ ðkÞ, has to be defined. In order to ensure the correct cycle slips are detected and fixed, the TECR max Φ ðkÞ and SIPE max parameters should be appropriately set to a large enough value. It has nothing to do with the GPS/GNSS observation data. Given a predefined SIPE max , the TNCP can be instantly calculated. When SIPE max = 10 m, the total number of cycle slip candidate pairs is 8881. Fig. 5 shows the relationship between the TNCP in the search spaces with SIPE max . The large number of candidate pairs suggests that efficient cycle slip search method has to be developed in order to select the one and only one correct pair of cycle slips from the candidates. Thus 2 cycle slip search rules are proposed in order to quickly reject the unsuitable candidate pairs.
Cycle slip search rules and estimation of remaining candidate pairs
In this paper, two search rules are implemented. The first one is the so-called "widelane cycle slip variation" rule and the second is the "TECR threshold" rule. 
Taking SIPE max = 10 m as an example, the corresponding δ½ΔN p 1 ðkÞ−ΔN p 2 ðkÞ max ¼ 12 cycles and it yields: (10) are rejected. The following section will show how efficient this "rule one" is by determining the number of remaining cycle slip candidate pairs after implementing this search rule.
Estimating the NRCP of rule one
Eqs. (8) and (9) are rearranged and it yields:
The ½ΔN Fig. 5 . Figure 5 illustrates the relationship between the SIPE max and the NRCP. It can be seen that the application of this rule one can considerably reject many candidate pairs that do not satisfy Eq. (10). The NRCP is much smaller than the TNCP. In Fig. 5 , the SIPE maxvaries from − 100 m to 100 m. When SIPE max = 10 m, the TNCP is 8881, the NRCP is 2075. This is equivalent to 23.36% of the total number, meaning 76.64% candidate pairs being rejected. When SIPE max = 100 m, the TNCP is as large as 864,513. After implementing the rule one, the NRCP is only 192,933 pairs, equivalent to 22.32% of the total number. The rejection rate is 77.68%. It can be seen that the TNCP increases rapidly with the size of SIPE max . But Fig. 5 also shows the "rule one" given in Eq. (10) can effectively reject over 75% of cycle slip candidate pairs.
It should be stressed that the calculation of the TNCP and NRCP can be achieved even without the knowledge of GNSS carrier phase or pseudorange data. The only factor determining the two numbers is the value of SIPE max . It should be noted that the NRCP is still large and further reduction algorithm has to be used to reduce the NRCP.
Cycle slip search rule two: TECR threshold
The second rule used here to reduce the NRCP is called "TECR threshold" rule. For each pair of candidates ΔN p 1 ðkÞ cand and ΔN p 2 ðkÞ cand , they can be used to correct the carrier phase measurements at epoch (k):
The TECR between epochs (k) and (k-1) can be readily written as (Liu 2011) : .
One TECR Φ (k) can be estimated using Eq. (15) for each pair of cycle slip candidates. After the implementing the above "widelane cycle slip variation" rule, the remaining number of candidate pairs is NRCP. Consequently the number of TECR Φ (k) will be NRCP too. Which TECR Φ (k) is valid among so many TECR Φ (k)? It should be noted that the TEC rate is a physical parameter describing the ionosphere variation and its value should be bounded by a given threshold. The TECR values observed by GNSS data at the low-latitude equatorial region showed that the ionospheric TECR Φ (k) is bounded by 0.03 TECU/s in ionosphere disturbance periods (Liu and Chen 2009) . In this study, a threshold value for the maximum valid TECR Φ (k) value is defined as TECR max Φ ðkÞ. Taking advantage of this physical property about TECR, only cycle slip candidates whose TECR Φ (k) meet the following condition are considered valid:
To be safe enough not to reject the correct cycle slip candidates, the TECR max Φ ðkÞ should be chosen to be a large enough value. In this study, TECR max Φ ðkÞ ¼ 0:35 TECU=second is adopted. As shown in Liu (2011) , even small cycle slips e.g. (1, 1) in L1 and L2 carrier phase measurements can result in a TECR significantly larger than the normal one, thus they can be easily detected. After applying the "TECR threshold" rule given in Eq. (16), many cycle slip candidate pairs are rejected and only a very small number of them are left. The estimation of the NRCP will be addressed in the next section. The following paragraphs explain why many cycle slip candidate pairs are rejected through the "TECR threshold" rule.
Among all the cycle slip candidates ½ΔN 
Thus the Eq. (16) can be written as:
Because jTECR 
Compared to TECR max Φ ðkÞ, TECR min Φ ðkÞ has a rather small but usually non-zero value, approximately 0.01~0.03 TECU/s according to the observations from GNSS data. Thus Eq. (19) can be simplified as: 
are predefined thresholds and they can be specified before cycle slip detection and fix. The data interval Δt is a fixed value that is known once the GNSS data are recorded. Clearly all the three parameters are irrelevant of the GNSS observations. This implies the NRCP after implementing the "rule two" can be determined even without having to know the actual GNSS data.
Although ½ΔN (21) and (22) are different from the ones given in Eqs. (11) ðkÞ max þ 1. In practical implementation with actual GNSS data, the actual GNSS carrier phase and pseudorange observations are available. The Eq. (16) therefore can be directly used in the "TECR threshold" rule. The actual TNCP can be smaller than the theoretical TNCP.
Integrating Eqs. (20), (21) and (22) will reveal that NRCP is a function of only three parameters: TECR max Φ ðkÞ , GPS data interval Δt (embedded in H), and SIPE max . Apparently, the larger value of TECR max Φ ðkÞ or Δt, the larger NRCP. Eqs. (6) and (7) show that the larger SIPE max , the larger δΔN (22). This analysis reveals that the theoretically maximal NRCP after implementing the "TECR threshold" rule is completely irrelevant of the original carrier phase or pseudorange measurements. The NRCP can be pre-determined even before GNSS observation starts as long as TECR max Φ ðkÞ , Δt and SIPE max are specified. Usually the GNSS data interval Δt is a fixed value (e.g. 1 s) set by the GNSS observer. TECR max Φ ðkÞ and SIPE max can be defined by the GNSS analyst before the analysis. A large TECR max Φ ðkÞ value is conservatively chosen to ensure all cycle slips can be successfully detected and fixed. Our data analysis shows that when TECR max Φ ðkÞ is chosen as 0.30 TECU/second, all the cycle slips except a small number of cycle slips for the spaceborne GPS receivers (COSMIC data in this study) can be correctly detected and fixed. When the TECR max Φ ðkÞ ¼ 0:35 TECU= second is used in the cycle slip detection and fix, all the simulated cycle slips can be successfully detected and fixed. Therefore TECR max Φ ðkÞ ¼ 0:35 TECU=second is used in this study. SIPE max can be defined according to the analyst's experience with the GNSS pseudorange quality. The pseudorange quality is affected by a number of factors such as GNSS receiver/antenna quality, observation conditions (e.g. multipath), signal obstructions, GNSS receiver dynamics, among others. SIPE max should be chosen to a sufficiently large value to accommodate the largest pseudorange error that potentially occur. Figure 6 illustrates the relationship between SIPE max , TECR 
In the search spaces defined above, there are totally 35,145 cycle slip candidate pairs. Applying the "TECR threshold" specified in Eq. (20) (17) is larger than TECR max Φ ðkÞ . As a result, only 25 cycle slip candidate pairs remain and they are listed in Table 2 . The rejection rate is as high as 99.9289%. This clearly shows the high efficiency of the "TECR threshold" rule in rejecting unsuitable cycle slip candidates.
In Table 2 Table 2 the smallest difference between the cycle slip candidate pairs is (±9, ±7), namely 9 cycles on L1 frequency and 7 cycles on L2 frequency. Such a magnitude of difference is large and can be detected using other methods such as low-order polynomial fitting. Thus the identification of the correct cycle slip pair from the remaining pairs in Table 2 will be relatively easy. To clearly illustrate the large difference between different cycle slip candidate pairs, another example for SIPE max = 100 m, TECR max Φ ðkÞ ¼ 0:15 TECU=second and Δt = 1.0 second is shown in Fig. 7 . The NRCP is 247. The NRCP is considerably larger than 25 shown in Table 2 because SIPE max here is 10 times larger. All the remaining 247 cycle slip candidate pairs are shown in Fig. 7 . Only three pairs, represented by red stars in Fig. 7, have In the real implementation of cycle slip detection, the dual-frequency GPS observation data are available. Thus the ½ΔN Table 2 can be numerically determined. The following question is how to validate the 25 remaining candidate pairs in Table 2 and eventually identify one correct cycle slip pair. In this study, the polynomial fitting method is used to validate the cycle slip candidate pairs and eventually identify the correct pair.
latitude regions such as equatorial, mid-latitude and high-latitude are well represented by these datasets. The ionospheric behaviors are generally considered to vary significantly in different latitude regions. One station is even located at the south pole of Antarctic. Third, both stationary and kinematic datasets are tested. Twelve ground-based GPS receivers record stationary data. The COSMIC Spaceborne Integrated GPS and Occultation Receiver (IGOR) records GPS data at high dynamics (Wu et al. 2005) . Fourth, the manufacturers and models of GPS receivers have a good representation, ranging from AOA, Trimble, Javad to IGOS. Fifth, the ionospheric activity level varies significantly. It varies from very quiet with Kp = 2.1 to medium active with Kp = 4.7~4.9, to highly active Kp = 7.6. Especially the dataset from CHUR station was recorded on 31 March 2001 and experienced high level of ionospheric disturbance during the occurrence of a significant geomagnetic storm. The ionospheric TEC increase to 100 TECU was observed during the storm event (Foster et al. 2002) . The daily average Kp index for 31 March 2001 was 7.6, which was the highest one in the past 20 years (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) and the 6th highest in the past 80 years .
In summary, the 13 datasets demonstrate a great number of diversities in terms of characteristics. The datasets studied here have a good representation of all kinds of observation conditions that can be encountered in practical GPS applications.
Test configuration
The developed algorithms have been successfully implemented in a computer program that is used in this study. As shown in Table 4 , an SIPE of 50 m is added to both P1 and P2 pseudoranges in the first test case. In the second case, an SIPE of 750 m is added to P1 and an SIPE of 1000 m is added to P2 pseudorange. To test the effectiveness of this algorithm under the existence of large pseudorange errors, artificial cycle slips are also added to carrier phase measurements L1 and L2 at the same epoch. That is to say that at the same single epoch all the 4 types of measurements (P1, P2, L1 and L2) contain artificial errors. In this test, a total of 6 pairs of cycle slip are simulated in a sequential order. Table 4 . As discussed in Liu (2011) , the first 5 pairs are special cycle slips that − 4] are included in this test because they are relatively small in size and also because their artificial TECR are relatively small. In summary, these special cycle slips are selected in the test because they represent the most challenging cases in GPS dual-frequency carrier phase cycle slip detection and fix using this method. The pair (− 125, + 11) is randomly selected and it represents the test of this method on non-special cycle slip pairs. During a 24-h observation period, basically each dataset can track more than 25 different satellites. Figure 8 shows that 30 GPS satellites are tracked during a 24-h period by the spaceborne IGOR receiver on a COSMIC satellite. As indicated in Liu (2011) , this algorithm works satellite-bysatellite. The cycle slip detection or fix for one satellite does not require any data from other satellites. For each satellite test, the number of epochs involving cycle slip simulations is 50. Before the simulation is performed, 50 cycle slip free epochs are selected first for each satellite in each dataset. The screening of cycle slip is first conducted by the computer program. Figure 8 displays the start epoch of SIPE and cycle slip simulation for each satellite tracked by the COSMIC spaceborne GPS receiver. Figure 8 shows that the simulation start time for each satellite is different. The start epoch for each satellite is essentially randomly selected as long as there are at least 50 cycle slip free epochs after a given epoch. It is worth pointing out that the start time for each satellite does not have to be different. One of the advantageous features of this cycle slip detection and fix method is that it works on a satellite-by-satellite basis. Each satellite utilizes its own data only and it does not use any other satellites' data. This satellite-wise cycle slip detection and fix method thus can still work effectively even if all the tracked satellites of a single epoch experience cycle slips at the same moment.
For each satellite in a dataset, the simulated SIPE max and one pair of special cycle slips are added to 25 epochs evenly over a period of 50 consecutive epochs. Namely, one simulation is added at an interval of every 2 epochs. This simulation scheme represents a very high frequency of cycle slip occurrence in GPS data (50% in time, 25 out of 50 epochs). All the simulation test schemes are summarized in Table 5 . Figure 9 shows the special cycle slip [− 77, − 60] is added to 25 epochs of PRN 10 for the COSMIC spaceborne GPS dataset.
Test results of 13 GPS datasets
The test results of the proposed method using 13 GPS datasets are presented in Table 6 . It clearly shows that this method works successfully for all the test schemes in Table 5 , regardless of the dynamics of the GPS receivers or the ionospheric activity conditions or the geographical locations of the GPS stations. The column A is the total number of epochs with simulated SIPE and cycle slips for each dataset in each test scheme. The column B is the number of epochs with incorrectly detected or incorrectly repaired cycle slips. It clearly illustrates that this new algorithm is very effective and all the cycle slips are correctly detected and fixed. The number of undetected or detected but unfixed epochs is 
Discussion
The proposed method has demonstrated its robust performance through extensive tests using 12 test schemes with 13 datasets of various characteristics. It has shown that the method works reliably to detect very small cycle slips (−1, −1) and other cycle slip pairs even under very challenging test scenarios -with high level of ionospheric activities, high level of dynamics of a spaceborne GPS receiver, and very large value of SIPE. The 5 special cycle slip pairs are considered special because they are more difficult to be detected than others. They produce minimum amount of artificial TECR, which represents a weak signal for cycle slip detection and fix using this TECR-based method. The occurrence frequency of simulated cycle slips is intentionally set high, 50% in time domain. This test setting is essentially more challenging than most real-world data collection situations. It is worth noting that in the cycle slip detection and fix, the magnitude of SIPE max needs to be known in advance. This paper simulates two cases: SIPE max = 50 m and SIPE max = 1000 m. This value must be predefined in navigation and monitoring services. The innovative method addressed in this paper is particularly useful for these real-time scenarios. This new method is particularly useful for those GNSS applications under degraded observation conditions such as multipath rich environments, for both undifferencing such as Precise Point Positioning (PPP) and the traditional double-differencing purposes. Typical scenarios include the GNSS RTK in canopy, under foliage or near buildings, as well as aircraft navigation in airports. The reception of GNSS signals under these situations is usually less optimal compared to the open-sky environments. Both carrier phase and pseudorange measurements are prone to anomalies under those degraded observation conditions. The method proposed in this study provides a complete solution to eliminate the impact of arbitrarily large pseudorange errors on cycle slip detection and fix. The extensive tests demonstrate that this method is effective for detecting and fixing cycle slips even with arbitrarily large pseudorange errors. Currently multiple GNSS systems are still under development and it is understandable the measurements at the early development stages might not be as good as others. This method is particularly useful to correct the cycle slips for those measurements with compromised stabilities and accuracies.
In order to reduce the sizes of the search spaces, appropriate methods should be developed to determine the value SIPE max as accurate as possible. The number of searches can be accordingly reduced and the computation efficiency can be increased. With the GNSS modernization, the users may employ carrier phase and pseudorange measurements from three or even more frequencies. The method can be applied to the multiple frequency circumstance. The cycle slip detection and repair on multiple frequencies in principle is same as the dual frequency. As a matter of fact, the availability of multiple frequency observations offers more opportunities to validate the cycle slip detection and repair results.
Conclusion
This paper describes an innovative method for carrier phase cycle slip detection and fix using one single GNSS receiver, even with arbitrarily large errors in pseudoranges. This method requires one single dual-frequency GNSS receiver only, ideally with high rate (e.g. 1 Hz) observations. With a predefined maximum value of sudden increase of pseudorange errors SIPE max , the search spaces for dual-frequency cycle slip candidates can be determined. The TNCP can be precisely calculated with the knowledge of SIPE max . To search for the correct cycle slip candidate, two rules are proposed to validate the cycle slip candidate pairs. One rule is called "widelane cycle slip variation" and the other is the "TECR threshold" rule. The use of rule one can effectively reject over 75% candidates while the rule two is more effective and it can reject over 99.9% candidates. The number of remaining cycle slip candidate pairs after implementing the first rule can be determined as long as SIPE max is defined. The NRCP after implementing the second rule can also be exactly determined with the knowledge of SIPE max , TECR threshold TECR max Φ ðkÞ, and the GNSS data interval Δt. This implies that no GNSS measurement is required for NRCP determination and that the NRCPs can be determined in advance even before making any actual GNSS observation.
The new method is extensively tested by 13 different datasets of various characteristics, including COSMIC spaceborne GPS receiver and ground-based receivers, GPS data under high level of ionospheric activity, various GPS receiver manufacturers and models. The results show that this method can effectively detect and fix virtually any cycle slips even with a SIPE max = 1000 m.
This method detects and fixes cycle slip on a satellitewise, real-time basis. The cycle slip detection and fix for each satellite is completely independent and does not rely on the information of any other satellites. The success of this method heavily relies on the use of the ionospheric physical property: TECR not exceeding the specified TECR threshold. Taking advantage of this property, cycle slip detection and fix is still successful even if all the GNSS satellites of a given epoch simultaneously experience arbitrarily large SIPE and any kind of cycle slips in the carrier phase data. The only disadvantage of the current method is that the parameter SIPE max needs to be specified in advance before actual cycle slip detection and fix. Thus a sufficiently large value has to be defined to prepare for the worst situation. This might unnecessarily increase computational burden.
Abbreviations COSMIC: Constellation observing system for meteorology ionosphere and climate; EPN: EUREF permanent network; GNSS: Global navigation satellite system; GPS: Global positioning system; IGOR: Integrated GPS and occultation receiver; IGS: International GNSS service; LAMBDA: Least-squares ambiguity decorrelation adjustment; MWWL: Melbourne-wübbena wide lane; NRCP: Number of Remaining cycle slip candidate pairs; PPP: Precise point positioning; SIPE: Sudden increase of pseudorange error; TECR: Total electron content rate; TNCP: Total number of cycle slip candidate pairs; UNAVCO: University Navstar Consortium
